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ABSTRACT
This paper discusses the fabrication aspects of a sensor device that is based on a sputter
deposited multilayer giant magnetoresistive (GMR) sensor. The device consists of a
micromachined microstructure (membrane), GMR sensor, and a sputtered hard magnetic thin film
element onto microstructure. The GMR sensor device in principle detects acceleration by sensing
changes in magnetic field caused by the displacement of the hard magnetic film on the
microstructure. Very thin (0.5 um) silicon nitride membranes are fabricated by means of
anisotropic bulk micromachining of silicon wafer. Our objective in this study is to address the
nature of spin valve structures (giant magnetoresistance in magnetic multilayers) and reliability
issues in microelectronics fabrication of GMR sensor devices that exhibit the large
magnetoresistive effect. A reliable GMR/MEMS device may have the characteristics such as a
significant percentage change in resistance, high field resistance, .low resistance noise, and a high
bandwidth. These characteristics are very sensitive to the thickness of the various layers in sensor
device multilayers, the composition and microstructure of the individual layers. Deposition and
patterning of hard magnetic film over the microstructure and the bonding of microstructure over
the GMR element have been attempted. The fabrication and reliability issﬁes associated with

GMR sensor devices have been discussed.
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INTRODUCTION

The measurement of acceleration has been accomplished using several technologies in
high-reliability applications such as guidance control, detonation, and- shock/vibration
measurement.  Electromechanical, piezoelectric, piezoresistive, and capacitive acceleration
sensors are available and the literature pertinent to giant magnetoresistive sensors for the above
applications are scanty. All accelerometers require the conversion of acceleration into a force,
causing a displacement, which is then turned into an electrical signal. This displacement is

resisted by a calibrated spring of some kind.

F= ma ) . 1
F=-kx )
a=-kx/m . i 3

Where F = force, m = Mass, a = Acceleration, k = spring constant, and x = displacement.
Equations describing accelerometers are simple and well known. Accelerometers measure “a” by
knowing “k” and “m”, observing “x” and using eqn. 3.

The giant magnetoresistive (GMR) effect was discovered in perfect-crystal samples
exposed to very high magnetic fields.[1] The GMR effect was recently discovered in sputtered
metallic thin films consisting of magnetic layers a few nanometers thick separated by equally thin
nonmagnetic layers. Large decrease in the resistance of these films is observed when a magnetic
field is applied. The cause of this effect is the spin dependence of electron scattering and the spin
polarization of conduction electrons in ferromagnetic metals. With layers of the proper thickness,
adjacent magnetic layer couple antiferromagnetically to each other with the magnetic moments of

each magnetic layer aligned antiparallel to the adjacent magnetic layers. Frequent scattering of



electrons results in high electrical resistivity of the GMR device. If an external field overcomes
the antiferromagnetic coupling it achieves parallel alignment of moments in adjacent
ferromagnetic layers; the spin dependent scattering of conduction electrons is decreased and
resistivity decreases. The size of this decrease in resistivity can be 10% to 20% and higher in
GMR materials with multiple nonmagnetic layers.[2,3]

The significant advantage of GMR sensor materials is the greater sensitivity to applied
magnetic fields. This increased sensitivity of the sensor materials makes it possible to detect
smaller change in the magnetic fields. Large signals from GMR material structures also help
overcome electronic noise. The difference between magnetoresistive (MR) and GMR sensors is
sensitivity measured by percent change in resistance. In a MR sensor a resistance change is
caused by the intrinsic property of the sensing layer. In a GMR sensor a resistance change is
caused by the quantum nature of electrons such as electron spins. [2-4]

GMR sensors are composed of four thin films such as a sensing layer, a conducting spacer
layer, a pinned layer, and an exchange layer. The thickness of all these layers is very thin
(nanometers) except for the exchange layer which will allow the conduction of electrons to
frequently move back and forth between the sensing and pinned layers via the conducting spacer
layer. The magnetic orientation of the pinned layer is fixed and held in place by the adjacent
exchange layer, while the magnetic orientation of the sensing layer changes in response to the
external magnetic field. A change in the magnetic orientation of the sensing layer will cause a
change in the resistance of the combined sensing and pinned layers. GMR sensor materials have
two spin directions known as spin up and spin down. Conduction electrons »;Iith a spin direction
parallel to a material’s magnetic orientation move freely and therefore resulting in low electrical

resistance. Conduction electrons with spin direction opposite to the materials magnetic



orientation are hindered by more frequent collisions with atoms in the material, which will result
in higher electrical resistance.[4]

GMR sensors directly detect the magnetic field and they are sensitive to small changes in
the magnetic fields, and can be used to measure position or displacement in linear and rotational
systems. Some of the applications for GMR magnetic sensors are current sensing, linear or
rotatory motion detection, linear or rotatory position sensing, ignition timing, throttle position
sensing, etc.[3] GMR sensors have greater output than conventional anisotropic MR sensors.

The magnetic field H adjacent to hard magnetic thin film will hold the following
relationship:

H=He*" . .4

Where a is the constant of order, A is the average distance between domains in the
magnetic thin film and d is the distance between the GMR sensor and the hard magnetic thin film
on the microstructure that certainly depends on the acceleration.

In this paper, we discuss the fabrication of GMR/MEMS sensor device that requires the
deposition and characterization of GMR sensor materials, deposition and patterning of hard
magnetic thin films over the microstructure, and microstructure fabrication using either surface
micromachining and bulk micromachining of single crystal silicon> substrate that are normally used

in fabrication of MEMS devices.

EXPERIMENTAL DETAILS
Direct current (DC) magnetron sputtering has been used to deposit thin film multilayers in
a nanometer thickness range in an ultra high vacuum (UHV) chamber to fabricate GMR sensor

element. The silicon dioxide has been grown over single crystal silicon substrate using thermal



oxidation, which was used as a substrate in this study to fabricate GMR sensor element. The
sputtering of GMR element materials was performed at room temperature in argon ambient. The
silicon dioxide/silicon substrate was mounted away from the target in the vacuum chamber. The
structure of a typical spin valve is silicon/silicon dioxide/tantalum/copper/cobalt/FeMn/ Tantalum.
Cobalt layer has been inserted between the permalloy and copper to enhance the GMR ratio and
that will protect permalloy from mixing with the copper. Carbon and oxygen impurities in various
layers have been observed to be reducing the GMR performance. Table 1 shows the typical
deposition parameters employed to deposit GMR device stack layers by DC magnetron sputtering
process in a UHV chamber. We have analyzed the multilayer GMR device structure with energy
dispersive x-ray analysis (EDAX) to identify and confirm the elements present in as-deposited thin
~ films. We have identified all the elements as anticipated with EDAX analysis except copper. The
thickness of copper is less than a nanometer in the particular device structure tested. Figure 1
shows the EDAX analysis of the as-deposited stacked GMR element used to fabricate
microsensor.

Thickness of the copper spacer layer, temperature stability, electrostatic discharge, change
in magnetization, patterning of GMR element by lift-off process, annealing of hard magnetic thin
film, and the field damage will‘ influence the reliability of GMR characteristics.[5] The production
of spin valves uses an IrPtMn antiferromagnetic layer as a pinning layer for the spin valves. This
layer can withstand cycling temperature up to 350°C. Cobalt and copper do not mix at moderate
temperatures, however permalloy and copper do mix and if permalloy is used adjacent to copper,
the spin valve will degrade around 200°C. GMR layers are extremely thin, orﬂy about 300 - 400
A (30 - 40 nm), so the temperature rise from a voltage spike can possibly melt the layers. There

is also other possibility that of the magnetization changes if the temperature of the layer exceeds



the Neel temperature of the antiferromagnetic layer. The GMR sensor material should have
resistance to electrostatic discharge and resistance to thermal degradation.

Fabrication of GMR sensor: The fabrication of GMR sensor involves three steps and
they are as follows: 1. Fabrication of GMR sensor on the substrate, 2. Fabrication of the movable
microstructure such as a membrane and finally, 3. Deposition of hard magnetic thin film onto the
movable microstructure. Critical issues associated with the fabrication of a GMR sensor device
are signal to noise ratio, geometry and lithographic definition of the spin valve on the substrate,
magnetic properties of hard magnetic thin film, and process integration with surface and bulk
micromachihing processes.[6]

Figure 2 shows the schematic of the complete GMR/MEMS sensor device. A silicon
substrate has been chosen in this study and silicon nitride was deposited using low-pressure
chemical vapor deposition (LPCVD) process. Silicon nitride on one side of the silicon substrate
was patterned and plasma etched down to the silicon substrate.  The silicon substrate was
anisotropically etched until silicon nitride onto the other side of the silicon substrate to fabricate
very thin silicon nitride membranes. Another silicon substrate has been chosen and the growth of
silicon dioxide was performed by thermal oxidation. Giant magnetoresistive element has been
fabricated using lift-off technique onto the silicon dioxide. These two chips will be bonded using
anodic bonding or any other appropriate technique to assemble the device as shown in the Fig. 2.
(7]

The GMR element may be characterized by its change in resistance AR/R when the field
changes by an amount of AH. The ratio of AR/AH may be in the range of d.l Q/Oersted. The
objective in fabricating this sensor device is to measure a typical distance, which is in the order of

1 nm. The sensitivity and response time of the mechanical assembly will depend on the coupling



between the membrane (moving microstructure) and the GMR element. The maximum response
time will be in the range of 10 — 0.2 psec for 1 nm displacement of moving part. A dogbone
structure has been used to fabricate GMR element that has a resistance, R that depends on the
local field, H due to hard magnetic thin film at the GMR sensor. If the resistance is used to
measure field intensity the displacement “d” may be determined with a simple inversion of the
function H as described in eqn. 4. [8-10]

Patterning of spin valve or GMR sensor element: The GMR sensor element may be
fabricated using several layers of various metallic thin films patterned by using photolithography.
Patterning of GMR element can be achieved by hydrochloric acid plasma, lift-off technique, ion
milling, or chemical etching. Patterning of GMR materials by chemical etching may not yield
fruitful results since the GMR element consists of multilayers that could form several galvanic
couples in the chemical solutions. Different layers can be etched at different rates in the chemical
etching solutions due to the galvanic coupling. We have used a single step self-aligned
photolithographic lift-off process to achieve the patterning of GMR elements in this study. There
may be some technical problems associated with the poor edge definition of GMR elements in the
lift-off process. [11]

Hard magnetic thin film materials: A hard magnetic thin film element will be deposited
over the moving microstructure (membrane) and patterned using an appropriate technique. The
liﬁ-off technique may be used to pattern the hard magnetic thin film. Adhesion will be improved
by depositing Cr by magnetron sputtering. Co-sputtering of CoCrTaPt will be deposited by lift-
off technique. There is no wet etching solution available to pattern CoCrTaP‘t, FePt, CoPt to act
as a hard magnetic thin film [8] We have used a shadow mask to fabricate a hard magnetic thin

film element over the microstructure of silicon nitride.




Fabrication of moving microstructure: A moving microstructure of silicon, silicon
nitride, or silicon dioxide may be fabricated using various approaches. A silicon membrane may
be fabricated using anisotropic etching of silicon using silicon nitride mask and a potassium
hydroxide solution. It is very difficult to fabricate a silicon membrane of 1 pm or less using this
chemical etching solution approach. A silicon membrane may also be fabricated using a plasma-
etching approach. Deep reactive ion etching (DRIE) technique has been used to etch the silicon
substrate at a rate of 5 — 10 um/min. Aluminum can be used as a mask to fabricate silicon
membranes. It has been observed in our study that there will be a micromasking effect with
aluminum in the RIE etched area. Thick photoresist has been used as a mask to etch silicon by
RIE to fabricate silicon membranes.[12-14] It is difficult to fabricate 1 um or less thick silicon
membranes by RIE since the etching rate is significantly high. Therefore, an alternative approach
could be silicon on insulator (SOI) substrate to fabricate silicon membranes. One may etch silicon
either by RIE or chemical etching solutions. It is possible to fabricate 3 —5 um thick silicon
membranes. However, we need 1 um or less thick silicon membranes to use as a moving
microstructure to implement in the GMR sensor device. Finally, we have éhosen to fabricate a
silicon nitride membrane, which is apparently quite stable in hot KOH solution. Silicon nitride has
been grown on both sides of a silicon substrate using low-preésure chemical vapor deposition.
The SisN4 was patterned and then plasma etched down to the silicon substrate. The silicon
substrate was etched in hot KOH solution until the other silicon nitride is reached. Thus 0.5 um

silicon nitride membranes are fabricated over silicon substrates.



Results and Discussion

Figure 3 show scanning electron micrographs of silicon membranes fabricated using
photolithography, plasma etching of silicon nitride, and anisotropic etching of silicon. LPCVD
silicon nitride has been used as a mask to etch silicon substrate and subsequently to fabricate the
silicon nitride membrane. We have successfully fabricated a ~0.5 um LPCVD silicon nitride
membrane to assemble the eventual device as shown in the Fig. 2. Figure 3a and 3d show the
backside and front side view of the silicon nitride membrane. Figure 3b shows the cross-section
of silicon nitride membrane to evaluate the thickness of the silicon nitride film (~0.5 um). Figure
3¢ shows the micrograph of the damaged membrane that might indicate the presence of stress in
the LPCVD film. We have fabricated silicon nitride membranes of various sizes such as 2 mm x 2
mm to 5 mm x 5 mm.

Figure 4 shows the schematic diagram of the GMR element fabrication. A silicon substrate
has been chosen and oxidized by thermal oxidation. The photoresist was spin coated and
patterned using photolithography. Tantalum was deposited for electrical contact and to isolate
the permalloy from the silicon dioxide. A sensing layer of permalloy was deposited and
subsequently cobalt, copper, cobalt, iron-manganese, and finally tantalum were deposited in the
same deposition set-up using the same ultra high vacuum charhber. Cobalt was deposited to
separate the mixing of permalloy and copper and also the mixing of iron-manganese and copper.
Copper is deposited to act as a spacer in this device. The top tantalum layer is deposited to
protect the device from oxidation and contamination with other impurities such as carbon and
oxygen. [7, 14-17]

Figure Sa shows the scanning electron micrograph of the fabricated GMR element over

the silicon dioxide/silicon substrate using lift-off technique. Figure 5b and 5c show the magnified



views of the single GMR element and a corner of the GMR element, respectively. Figure 6(a-f)
show the scanning electron micrographs of the GMR element in various regions of the device.
The lift-off technique employed in this experiment has yielded poor edge definition. We feel that,
this might effect the anticipated reliable sensor response results. Therefore, a technique will be
needed to pattern the GMR to yield a perfect vertical sidewall.

During the growth of GMR element stack, a magnetic field is applied to the sample to
induce easy and hard axes in the magnetic layers and set the direction for the pinning field in the
antiferromagnetic layer. In operation the magnetic field to be sensed is applied parallel to the hard
axis since there is very little hysteresis along this direction and the response is linear for small
changes in field. Figure 7 is a plot of the resistance change versus the field applied along the hard
axis. The change in resistance was about 3.9 % over the entire field range. There are some issues
with the lift-off that lead to a less than ideal GMR curve in Fig. 7. Specifically, any surface
contamination left after the development of the photoresist will result in rough layers. Rough or
wavy interfaces in GMR device increases the ferromagnetic coupling between the two magnetic
layers. Also, if the walls of the resist were not perfect additional magnetic coupling could arise.

Figure 8 shows the power versus the frequency when an ac field was applied to the GMR
device along with a dc bias field of 15 Oe. The magnitude of the field applied in Fig. 8 was 0.6
Oe (500 Hz sine wave) and the current through the device was 6 mA (device resistance is about
480 KQ). The absence of higher harmonic peaks indicates that there was little distortion and an
output of pure sine wave. The baseline noise in Fig. 8 is due to intrinsic 1/f noise in the spin
valve. 1/f noise is the dominant noise source until about 20 KHz depending on the current, at
higher frequencies thermal noise is dominant. The magnitude of the 1/f noise increases as the

square of the current.
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Table 2 shows the some of the experimental spin valve configurations that have been
fabricated and characterized. Adding the cobalt layer in the GMR device structure has
significantly improved the device characteristics.  Further experiments are underway to
understand the significance of the various layers.

Table 3 shows the test results on the some of the fabricated GMR devices. The change in
resistance was high (6.3%) when there is thick cobalt layer and also the permalloy layer was
absent. A permalloy layer has been incorporated in the device 2 and cobalt layer thickness layer
has been reduced to 15 A. The change in resistance has reduced to 4.5%. The cobalt layer has
been completely eliminated in the device 3 and the change in resistance has been reduced further.
The copper layer thickness is different from the critical thickness required to obtain high change in
resistance.  Further experiments are underway to characterize the various GMR device
configurations.

Atomic force microscopy has been used to characterize the surface smoothness of the
silicon nitride membrane after dicing whole wafer with silicon nitride membranes. Figure 9a
clearly shows the non-uniformity of the silicon nitride membrane. This may be due to the silicon
dust that has accumulated over the silicon nitride membrane during the dicing process. Same
membrane characterized on its backside using AFM. Figure 9b shows the high uniformity of the
silicon nitride membrane. Therefore, it is highly desirable to clean the thin membranes of silicon
nitride after dicing. Therefore, a careful experimentation is needed to clean the diced silicon
nitride membranes since they are used as a substrate to fabricate hard thin film magnet structure.
If the membranes are not cleaned properly there could be serious reliability issﬁes in operating the

packaged GMR sensor device. The silicon dust present over the membrane could short the GMR
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element and the hard thin film over the microstructure. A process is under development to clean
the membrane of dust free silicon.

Figure 10a shows the manually packaged complete GMR sensor device that includes
GMR element, silicon nitride microstructure, and a hard thin film magnet deposited over the
microstrure. We have used to bond two silicon chips as described in Fig.2 using epoxy. This has
yielded a separation of GMR element and hard thin film magnet of more than few microns, which
might have resulted in due to the epoxy and possibly due to the silicon dust particles. Such large
separation could result in an insignificant effect of magnetic field due to the hard thin film magnet
over the GMR element to effect its resistance characteristics. Therefore, alternative approaches
are needed to assemble the two chips to study the GMR characteristics as a function of distance
and various hard magnetic materials deposited over the microstructures. We will report these

results in the future publications.

CONCLUSIONS

We have used the appropriate layers such as sensing layer, conducting spacer and
antiferromagnetic layer and other layers to avoid the mixing of the sensing layer and conducting
spacer. Identified the problems associated with the fabrication of.very thin silicon membranes and
we have fabricated 0.5 micron low pressure chemical vapor deposited silicon nitride membranes
using anisotrpic chemical etching of silicon and plasma etching of silicon nitride. Identified the
hard magnetic thin film, which will be deposited over the moving silicon nitride microstructure to
demonstrate the GMR sensor device. We have manually assembled for the ﬁrst time the GMR
element, hard magnetic thin film fabricated over moving silicon nitride microstructure components

to fabricate GMR/MEMS sensor device. There are some practical problems associated with

12



bonding of the two silicon chips appropriately. Individual GMR element has shown a change of
resistance 3.9% as a function of magnetic field. We have studied the change in resistance as a
function of spin valve configuration. Without the cobalt layer the GMR response has decreased
shows the significance of Co in the GMR element stack. The presence of cobalt and permalloy
will significantly effect the GMR response results of the device. We will be reporting the results

further on this type of GMR sensor devices in our future publications.
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FIGURE CAPTIONS
Energy despersive x-ray analysis of stacked GMR sensing element.
Schematic diagram of complete giant magnetoresistive (GMR) sensor device fabrication.
Scanning electron micrographs (a-d) of silicon nitride membranes fabricated using anisotropic
etching of silicon substrate.
Schematic diagram of multilayer GMR element used in GMR/MEMS sensor device.
SEM of fabricated GMR device (a) complete chip with several GMR elements, (b) single
GMR element, and (c) magnified view of GMR element.
Scanning electron micrographs (a-f) of the fabricated GMR device to identify the edge
definition of GMR element.
Resistance change in the GMR sensor device vs. the applied magnetic field.
Power vs. the frequency used to test the GMR sensor device.
Surface smoothness characterization of silicon nitride membranes by using atomic force
microscopy (AFM). (a) Topside of the membrane and (b) backside of the membrane.
Scanning electron micrographs of the (a) manually assembled GMR/MEMS sensor device and
(b) magnified view of the GMR sensor element and hard magnetic thin film over

microstructure.
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Table 1: Sputter Deposition of the Multilayers in
UHYV Chamber to fabricate GMR Element

Base pressure 1x 10° Torr
Substrate Thermally grown SiO,/Si
Pressure I mTorr
Temperature 20+5°C
Substrate-target separation 6 inches (15.2 cm)
Sputtering power 40 W (Ta)
50 W (Co and Permalloy)
30 W (FeMn, Cu)
Deposition rate 1 A/sec

Table 2: The change in resistance as a function of spin valve configuration [16]

Device # Spin Valve Configuration AR/R Oe
1 Co/Cu/Co/FeMn 9.9% 0.81
2 NiFe/Cu/NiFe/FeMn 4.3% 1.51

3 NiFe/Co/Cu/Co/NiFe/FeMn 9.1% -

Table 3: GMR Device Test Results

Device # Ta Py ©Co Cu Co Py FeMnTa ARR
A Ad& A& A A A A @&

1 64 -- 50 44 50 - 80 64 6.3%
2 50 50 15 44 15 50 80 50 4.5%
3 50 50 -- 44 -- 50 80 50 1.6%
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